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ABSTRACT. Phloem-feeding aphids cause serious damage to plants.
The mechanisms of plant-aphid interactions are only partially understood
and involve multiple pathways, including phytohormones. In order to
investigate whether salicylic acid (SA) is involved and how it plays a
part in the defense response to the aphid Macrosiphoniella sanbourni,
physiological changes and gene expression profiles in response to aphid
inoculation with or without SA pretreatment were compared between
the aphid-resistant Artemisia vulgaris ‘Variegata’ and the susceptible
chrysanthemum, Dendranthema nankingense. Changes in levels of
reactive oxygen species, malondialdehyde (MDA), and flavonoids, and
in the expression of genes involved in flavonoid biosynthesis, including
PAL (phenylalanine ammonia-lyase), CHS (chalcone synthase), CHI
(chalcone isomerase), F3H (flavanone 3-hydroxylase), F3’H (flavanone
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3’-hydroxylase), and DFR (dihydroflavonol reductase), were investigated.
Levels of hydrogen peroxide, superoxide anions, MDA, and flavonoids,
and their related gene expression, increased after aphid infestation and
SA pretreatment followed by aphid infestation; the aphid-resistant A.
vulgaris exhibited a more rapid response than the aphid-susceptible D.
nankingense to SA treatment and aphid infestation. Taken together, our
results suggest that SA could be used to increase aphid resistance in
the chrysanthemum.

Key words: Aphid; Chrysanthemum; Flavonoid; Physiology;
Salicylic acid

INTRODUCTION

Aphids are major agricultural pests, and are specialized to feed on phloem by penetrating
plant tissues via a primarily intercellular route, and ingest phloem sap from host plants through
stylets. Aphids not only cause a reduction in quality, but are also important vectors of plant viruses
(Ng and Perry, 2004). Damage caused by aphids includes leaf rolling, chloroplast degradation, and
inflorescence folding.

Plants use constitutive and induced defenses to protect themselves from herbivore attack;
these defenses can influence herbivore feeding, development, and oviposition. Constitutive
defenses include physical barriers (cell walls, suberin, and callose) that impede herbivore access
to tissues (Walling, 2000); plants can also activate the biosynthesis of secondary metabolites
(alkaloids, terpene, phenolics, and flavonoids) that have antixenotic or antibiotic properties to
deter herbivore growth, development, and reproduction (Leszczynski et al., 1989). Flavonoids
are natural plant products that are found in fruits, vegetables, and grains. They include flavones,
isoflavones, flavanones, and flavonols (Treutter, 2006). They play important roles in plants, such
as being responsible for flower color, stress protection, and the regulation of auxin transport
(Nugroho et al., 2002). Flavonoids are derived from the phenylpropanoid pathway, which
is catalyzed by a number of enzymes including PAL (phenylalanine ammonia-lyase), CHS
(chalcone synthase), CHI (chalcone isomerase), F3H (flavanone 3-hydroxylase), F3’H (flavanone
3’-hydroxylase), and DFR (dihydroflavonol reductase) (Figure 1). For induced defenses, plants
increase the level of reactive oxygen species (ROS) and malondialdehyde (MDA) in response
to aphid attack (Moloi and van der Westhuizen, 2006; Maffei et al., 2007), and aphid feeding
can induce localized and plant-wide increases in the mRNA transcription or enzyme activity
of several pathogenesis-related proteins, such as peroxidases and chitinases (Moran and
Thompson, 2001; Boyko et al., 2006). The results of a previous study indicated that transcripts
of PR-1 (also known as P4), a salicylic acid (SA)-inducible gene, accumulate in Mi-1 plants after
potato aphid (Macrosiphum euphorbiae) feeding (Martinez de llarduya et al., 2003). Another
study showed that leaf epidermal surface morphology and the activity of antioxidant and defense
enzymes contribute to aphid resistance in the chrysanthemum (Chrysanthemum grandiflorum)
(He et al., 2011). Chrysanthemums may use constitutive and induced defense strategies against
aphid feeding; however, little information on gene expression profiles or signaling in response to
aphid feeding is available.
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Figure 1. Schematic diagram of the general phenylpropanoid and flavonoid biosynthesis pathways. The dotted line
indicates the start of the flavonoid pathway. The genes examined in this study are in italic. Arrows indicate intermediate
precursors of other biosynthesis pathways, with final products indicated. PAL, phenylalanine ammonia-lyase; C4H,
cinnamate 4-hydroxylase; 4CL, 4-coumaroyl-CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H,
flavanone 3-hydroxylase; F3’H, flavanone 3’-hydroxylase; F3’5°H, flavonoid 3'5’-hydroxylase; FS, flavonol synthase;
DFR, dihydroflavonol reductase; 3GT and 5GT, 3- and 5-glucosyl transferase, respectively; RT, rhamnosyltransferase;
OMT, O-methyl transferase.

SA has been considered a plant hormone since 1992 (Raskin, 1992), and plays important
roles in the regulation of plant growth, development, the response to environmental stress, seed
germination, and flowering (Yalpani et al., 1994; Senaratna et al., 2000). SA is also considered an
important signaling molecule in plants in response to various pathogenic attacks (Alvarez, 2000),
and in resistance to herbivores (Walling, 2000; Cooper et al., 2004). For example, SA induction in
aphid-resistant wheat ( Triticum aestivum) may be involved in resistance against the Russian wheat
aphid (Diuraphis noxia) (Mohase and van der Westhuizen, 2002), and in a wide range of defensive
responses in Arabidopsis thaliana against the cabbage aphid, Brevicoryne brassicae (Kusnierczyk
et al., 2008). ROS generation is the immediate response of plants to elicit the production of SA.
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ROS mediate different signaling pathways that are associated with plant defense mechanisms, and
play roles as secondary messengers in hormone signaling pathways (Alvarez, 2000; Franzen et
al., 2008). In addition, SAincreases hydrogen peroxide (H,0,) generation (Tewari and Paek, 2011).
These observations strongly suggest that the SA signaling pathway is involved in plant responses
to aphids, which prompted us to investigate how the exogenous application of this molecule may
increase aphid resistance.

The chrysanthemum is an important ornamental plant all over the world, and is
susceptible to aphid attack from the seedling to the flowering stages. Artemisia vulgaris
(AV) ‘Variegata’ (mugwort) is an aphid-resistant species due to its leaf morphology and
bioactive essential oil content (Deng et al., 2010). Macrosiphoniella sanbourni is a major
pest of chrysanthemums, and reduces vegetative growth and flower production and quality.
Different chrysanthemum cultivars and closely related wild species exhibit different levels of
aphid resistance (Sun et al., 2012). To investigate the effect of exogenous SA on aphid (M.
sanbourni) resistance in the chrysanthemum, physiological and molecular changes in response
to exogenous SA treatment were compared between A. vulgaris (aphid resistant) and the
chrysanthemum cultivar, Dendranthema nankingense (DN) (aphid susceptible). We measured
levels of ROS, MDA, and flavonoids, and analyzed the expression of flavonoid biosynthesis
genes during aphid infestation.

MATERIAL AND METHODS
Plants and aphids

AV (aphid resistant) and DN (aphid susceptible) plants were obtained from the
Chrysanthemum Germplasm Resource Preserving Centre, Nanjing Agricultural University,
China. Seedlings were grown in 15-cm pots, with 12-h light at 25°C and 12-h dark at 18°C
under a 160 mmol-m2-s*' photon flux density in a greenhouse. Plants were grown to the six to
eight leaf stages, and only uniform seedlings were selected for the aphid infestation treatment.
Aphids (M. sanbourni Gillette) were collected from field-grown chrysanthemum plants; 2nd-
instar nymphs were used to inoculate the plants. The inoculation conditions were 23° to 28°C
and 80% relative humidity.

SA and aphid treatments

Our preliminary experiments showed that 0.2 mM SA (solubilized in distilled water, DW)
pretreatment for 24 h was optimal for the inhibition of aphid reproduction in both plant species. For
the SA followed by aphid infestation (SAA) treatment, AV and DN plants were sprayed with 0.2 mM
SA followed by aphid infestation 24 h later; the treated samples were designated as AV-SAA and
DN-SAA, respectively. For the aphid infestation treatment (A),

AV and DN plants were pretreated by spraying with DW, followed by aphid infestation
24 h later; the treated samples were designated as AV-A and DN-A, respectively. Control (CK)
plants were sprayed with DW without being subjected to aphid infestation 24 h later; the treated
samples were designated as AV-CK or DN-CK. The experiment was replicated three times, and
each replicate included 20 seedlings.

The aphid infestation protocol followed the method of Deng et al. (2010). Briefly, five 2nd
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instar aphids were carefully placed on each stem tip of the test plants with a soft brush. All of the
plants were covered with polyester cylinders (25 cm long x 12 cm diameter) with fine gauze, and
placed in a greenhouse under the above-mentioned conditions. Leaves, counting from the third
leaf below the apex, were collected at 0, 3, 6, 12, 24, 48, 72, and 168 h after aphid inoculation
(He et al., 2011). At each sampling time point, three biological replications were performed. The
sampled leaves were stored at -70°C for the subsequent experiments.

ROS and MDA levels

The H,O, content was measured according to the method described by Libik et al.
(2005). Leaf tissue (1 g) was extracted with 2 mL cold acetone, centrifuged at 10,000 g for
5 min, and the supernatant was collected; 0.2 mL 20% titanium reagent in concentrated HCI
was added to 2 mL supernatant, followed by 0.4 mL NH,OH to precipitate the peroxide-titanium
complex. After centrifugation (12,000 g, 5 min), the supernatant was discarded and the precipitate
dissolved in 2 mL 2 N H_SO,, washed repeatedly with acetone, and made up to 2 mL volume.
The absorbance was measured at 415 nm against a DW blank. The H,0, concentration was
measured by comparing the absorbance against the standard curve at least three times, and was
represented as pmol-g"-FW-'.

A 1-g leaf sample was milled in 6 mL 65 mM phosphate buffered saline (PBS), pH 7.8,
filtered, and centrifuged at 5000 g for 10 min. One milliliter supernatant was mixed with 0.9
mL 65 mM PBS and 0.1 mL 10 mM oxammonium hydrochloride, and placed in a water bath at
25°C for 20 min. The extract was replaced by PBS in the control samples. The assay mixture
contained 0.5 mL 17 mM 4-aminobenzene sulfonic acid, 0.5 mL 7 mM 1-naphthylamine, and 0.5
mL culture fluid; the reactions were incubated at 25°C for 20 min and terminated by the addition
of 1.5 mL butyl alcohol. The absorbance was measured at 530 nm, and the superoxide anion
(O,7) content was expressed as nmol-min”-mg™ per protein. Each measurement was repeated
at least three times.

The MDA content was determined by the method described by Meng et al. (2007). A leaf
sample (0.2 g) was homogenized with 5 mL 10% trichloroacetic acid (TCA). After centrifugation
at 4000 g for 10 min, the supernatant was mixed with 2 mL 0.6% 2-thiobarbituric acid (TBA) in
10% TCA, heated in boiling water for 15 min, and then immediately cooled on ice and centrifuged
(10,000 g, 10 min). Absorbance of the supernatant at 532 and 450 nm was compared with that
of the blank (2 mL 0.6% TBA in 10% TCA, without the extracts) at least three times. The MDA
measurement was expressed as pmol-g'-FW-'.

Flavonoid determination

Fresh leaves were cut into small pieces, air-dried, and milled into powder before extraction.
The milled powder (1 g) was extracted with 100 mL DW for 1 h. The extract was filtered, transferred,
and made up to 5 mL with DW, and then 0.3 mL NaNO, (NaNO,: DW, 20:1, v/v) and 3 mL aluminum
trichloride (AICL,:DW, 1:10, v/v) were added 5 min later. After 6 min, 2 mL 1 M NaOH was added and
the reaction mix was made up to 10 mL with DW. Absorbance was read at 510 nm against a blank
sample after 15 min. The rutin content was used as the standard for the calibration curve, A =0.013C
+0.0056, r=0.9993, where A represented the absorbance and C the flavonoid content. The flavonoid
content was represented as a percentage. Each measurement was repeated three times.
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cDNA synthesis and real-time quantitative reverse transcription polymerase
chain reaction (QRT-PCR) analysis

RNAwas isolated from leaf tissue (0.2 g) using RNAiso reagent (TaKaRa, Japan), following
the manufacturer protocol. RNA integrity was assessed with an agarose gel and by an OD,, /OD,,
nm absorption ratio greater than 1.95. Total RNA (0.5 pg) was used for first-strand cDNA synthesis;
the reaction volume included 2 L total RNA, 2 uL oligo (dT),, primer, 9.7 uL RNase-free ddH,O,
4 pL 5X M-MLV reaction buffer, 1 yL dNTP mixture (10 mM), 0.5 yL RNase inhibitor, and 0.8 pL
reverse transcriptase (M-MLV, TaKaRa).

The gRT-PCRs were performed in a 25-pL volume containing 1 pL of each gene-specific
primer (20 pM), 5 pL first-strand cDNAs, 8 uL ddH,0O, and 10 yL SYBR® Green PCR master mix
(Toyobo, Japan). The PCR conditions were as follows: denaturation at 95°C for 60 s, followed by
40 cycles at 95°C for 15 s, 55°C for 15 s, and 72°C for 45 s. At the end of the cycling process, the
temperature was increased from 55° to 95°C with a 0.5°C/s heating rate, in order to obtain the
necessary denaturation curve. Amplicon purity was assumed where a single melting peak was
produced. The sequences of each PCR primer (Table 1) that shared consensus sequences in both
species were designed using Primer 3 (v. 0.4.0). Three replicates of each sample were performed,
and PCR efficiency was calculated by the 2-2* method (Livak and Schmittgen, 2001).

Table 1. Primers used in the real time quantitative reverse transcription polymerase chain reaction.

Gene GenBank accession No. Primer pair
PAL (phenylalanine ammonia lyase) JF806362 F: GATTGTTCTTTGTTTGCTCAT
R: CTTAACCATTTTTTTAACCTCA
CHS (chalcone synthase) DQ521272.1 F: CAAGCCTTTTCTCCATTAGGT
R: GAGGACCACGGTTTCGAC
CHI (chalcone isomerase) EU286277. 1 F: TGGTGCAACCATTGACAAGT
R: AAATTTGGTTCAGCATCTGTAGTT
F3'H (flavanone 3'-hydroxylase) u86837. 1 F: CATTATTTGAGCAACGGAAGA
R: TGCCAATCTCTAAGCCAAGAT
F3'H (flavanone 3'-hydroxylase) EU286276. 1 F: TTGGGGCTGGACGAAGGATT
R: CAAAAAGGCAAAAGAGAAACTA
DFR (dihydroflavonol 4-reductase) EF094936. 2 F: TGGCCAGAGTATCAAATTCCA
R: CGCTCTTTGCTAGAGGTGCT

F, forward primer; R, reverse primer.

Statistical analysis

A one-way analysis of variance was conducted for all of the parameters studied, and the
Duncan multiple range test (P = 0.05) was used to assess whether means significantly differed
from one another in SPSS v. 13.0.
RESULTS
Aphid numbers

SA pretreatment decreased the number of aphids on both plant species. The average
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numbers of aphids on the AV-SAA (2.00) and DN-SAA (4.33) plants were significantly lower than
those on the AV-A (3.35) and DN-A (4.99) plants, respectively, at 3 days after infestation (DAI)
(Table 2). There were significantly fewer aphids on the AV-SAA plants (2.00) than on the DN-A
(4.99) or DN-SAA (4.33) plants at 3 DAI (P < 0.05), and aphids were undetectable at 12 DAI on the
AV-SAA plants, three days earlier than on the AV-A plants (15 DAI).

Table 2. Average numbers of aphids at different days after aphid inoculation and SAA treatment.

Inoculation day:

Treatment 0 day 3days 6 days 9 days 12 days 15 days 18 days 21 days
AV-A 5.00 £ 0.00* 3.35+0.112 263£0.10% 0.50 £ 0.03% 0.38+0.012 0.00 + 0.002 0.00 + 0.00* 0.00 + 0.00*
AV-SAA 5.00 + 0.00* 2.00 +0.06° 1.88£0.18° 0.25 +0.02° 0.00 + 0.00* 0.00 +0.00° 0.00 + 0.00* 0.00 + 0.00*
DN-A 5.00 £ 0.00* 4.99 0.24° 8.01£0.15° 35.14 £ 1.20° 53.83 +2.25° 62.57 £0.64° 65.64 £ 1.27° 79.14 £ 1.53°
DN-SAA 5.00 + 0.00* 4.33+0.13¢ 664 +0.10¢ 9.37 +0.13¢ 2343 +0.07¢ 29.60 + 0.97¢ 3235+ 1.18° 4122 +£0.78°

SA, salicylic acid; SAA, SA pretreatment followed by aphid infestation; AV-A, aphid inoculation in Artemisia
vulgaris ‘Variegata’; AV-SAA, SA pretreatment followed by aphid infestation in A. vulgaris; DN-A, aphid inoculation
in Dendranthema nankingense; DN-SAA, SA pretreatment followed by aphid infestation in D. nankingense. The
experiment was replicated three times, and each replicate included 20 seedlings. Values (means + SD) labeled with
a different letter differed significantly from one another at the same time point according to the Duncan multiple range
test (P < 0.05).

ROS and MDA generation

In the AV-A and AV-SAA plants, the H,O, content increased and reached a maximum at6 h
(13.81 mmol-g"-FW") and 3 h (8.93 mmol-g'-FW"), respectively. The H,0, content of the AV-SAA
plants was maintained at a relatively high level after 72 h in comparison to that of the AV-A plants.
In the DN-A and DN-SAA treatments, the H,0O, content increased and reached a maximum at 12
h (20.06 mmol-g"-FW") and 6 h (11.90 mmol-g'-FW-"), respectively. The levels in the DN-SAA
plants were significantly lower than those in the DN-A plants throughout the aphid-feeding period
(P < 0.05; Figure 2).

The O, content in the AV-A and DN-A plants increased up to 12 h (0.24 nmol-min-
-mg™" per protein) and 72 h (0.49 nmol-min'-mg" per protein), respectively, and then
decreased. In the AV-SAA plants, the O, content reached a maximum at 3 h (0.15 nmol-min-
-mg" per protein), had decreased by 12 h, increased again to a second peak at 72 h, and
then decreased by 168 h. A similar pattern was observed in the DN-SAA plants, except that
the first peak occurred at 6 h (0.29 nmol-min-'-mg™ per protein) (Figure 3). The increase in
the O, content in the AV-SAA and DN-SAA plants was lower than that in the AV-A and DN-A
plants, respectively (Figure 3).

The MDA content increased after aphid inoculation and the SAA treatment (Figure
4). In the AV-A plants, changes in the MDA content were similar to changes in the H,O,
content. Changes in the MDA level in the AV-SAA plants were similar to those in the AV-A
plants, except that the first peak occurred at 3 h (34.59 nmol-g'-FW-") rather than 6 h (48.03
nmol-g"-FW") in the AV-A plants, and there was no significance difference between them
after 24 h. In the DN-A plants, MDA levels rapidly increased by 12 h and reached a peak at
48 h (60.64 nmol-g'"-FW-"). In the DN-SAA plants, the level was always significantly lower
than that in the DN-A plants (P < 0.05), and the highest level was observed at 24 h (46.02
nmol-g'-FW-") (Figure 4).
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Figure 2. Effect of aphid inoculation and SAA treatment on hydrogen peroxide levels in aphid-resistant Artemisia
vulgaris ‘Variegata’ and aphid-susceptible Dendranthema nankingense. SA, salicylic acid; SAA, SA pretreatment
followed by aphid infestation; AV-CK, A. vulgaris sprayed only with distilled water; AV-A, aphid inoculation in A. vulgaris;
AV-SAA, SA pretreatment followed by aphid infestation in A. vulgaris; DN-CK, D. nankingense sprayed only with
distilled water; DN-A, aphid inoculation in D. nankingense; DN-SAA, SA pretreatment followed by aphid infestation in
D. nankingense. Values are reported as means + SD (N = 3). Values labeled with a different letter differed significantly
from one another at the same time point according to the Duncan multiple range test (P < 0.05).

030 OAV-CK BAV-A BAV-SAA A
_025 b b .
Vo 7% ¢ - b
0 % 7
E g.o.zo 3 b ? é é 7B s
g / 0 A N 7
&7 b é i ? 7 7
> [ / / / 7 /
o E B / e Vi i B
grosf g g a é é % é
% a o / | | i
SE SEEE B OB B /
g £0.10 [T | 7 o 7 % | g
5] 7 7 i | i Z / 7 7
2 / 0 / / / Z / /
@ E / U / / : / / /
g U V 7 V i / ’ 7
=ostl I | A (AL |2 (D) |Gl | |
Z ol \b 7 U 7 7 Z
i O O 0 Z 0 i Z

0 3 6 12 24 48 72 168
o6 ODN-CK @DN-A EDN-SAA B
b
~05F

% b %

P % &
g8 ] - D
S Soat b . D g g
<% ] = |

£ b b 7 e % D 0
g3t . : / U 0 /
S E L L. “ a g a , 8
8 £02F2a é é é a é g é
2 E 7 / al U V / bl |
28 [T I% nnunnn

=01 P o 0 ’ / U U 0

gl U U U a V U V
al | 7 i 0 U D 7
0 3 6 12 24 48 72 168

Time after aphid inoculation and SAA treatment(h)

Figure 3. Effect of aphid inoculation and SAA treatment on superoxide anion levels in aphid-resistant Artemisia vulgaris
‘Variegata’ and aphid-susceptible Dendranthema nankingense. SA, salicylic acid; SAA, SA pretreatment followed by
aphid infestation; AV-CK, A. vulgaris sprayed only with distilled water; AV-A, aphid inoculation in A. vulgaris; AV-SAA,
SA pretreatment followed by aphid infestation in A. vulgaris; DN-CK, D. nankingense sprayed only with distilled water;
DN-A, aphid inoculation in D. nankingense; DN-SAA, SA pretreatment followed by aphid infestation in D. nankingense.
Values are reported as means + SD (N = 3). Values labeled with a different letter differed significantly from one another
at the same time point according to the Duncan multiple range test (P < 0.05).
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Figure 4. Effect of aphid inoculation and SAA treatment on malondialdehyde levels in aphid-resistant Artemisia vulgaris
‘Variegata’ and aphid-susceptible Dendranthema nankingense. SA, salicylic acid; SAA, SA pretreatment followed by
aphid infestation; AV-CK, A. vulgaris sprayed only with distilled water; AV-A, aphid inoculation in A. vulgaris; AV-SAA,
SA pretreatment followed by aphid infestation in A. vulgaris; DN-CK, D. nankingense sprayed only with distilled water;
DN-A, aphid inoculation in D. nankingense; DN-SAA, SA pretreatment followed by aphid infestation in D. nankingense.
Values are reported as means + SD (N = 3). Values labeled with a different letter differed significantly from one another
at the same time point according to the Duncan multiple range test (P < 0.05).

Variations in flavonoid content and the expression of genes involved in the
flavonoid biosynthesis pathway

In the AV-SAA plants, the flavonoid level was significantly higher than in the AV-A plants
throughout the aphid-feeding period, except at 24 h (P < 0.05; Figure 5). The highest level was
observed in the AV-SAA plants at 12 h (5.87%), which was maintained up to 48 h; in the AV-A
plants, the flavonoid content reached 4.83% by 24 h. In the DN-SAA plants, the flavonoid content
was higher than that in the DN-A plants (except at 48 h), and the highest level was observed at 24
h (0.35%). In the DN-A/SAA plants, the flavonoid content was significantly lower than that in the
AV-A/SAA plants throughout the aphid-feeding period (P < 0.05).

The expression of genes involved in the flavonoid biosynthesis pathway in the AV/DN-SAA
plants was significantly induced by SA as early as 0 h (Figure 6). Levels of PAL, CHS, CHI, F3H,
F3’H, and DFR expression in the DN-A and DN-SAA plants were significantly lower than those in
the AV-SAA plants (P < 0.05). In general, the expression of these genes in the AV-SAA plants was
significantly higher than in the AV-A plants, with the exception of PAL at 72 and 168 h (Figure 6A),
CHS at 6, 24, and 48 h (Figure 6C), CHI at 6, 72, and 168 h (Figure 6E), F3H at 48 and 72 h (Figure
6G), F3’H at 6 and 168 h (Figure 61), and DFR at 24 and 72 h (Figure 6K) (P < 0.05). A similar
difference was observed between the DN-SAA and DN-A plants.
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Figure 5. Effect of aphid inoculation and SAA treatment on flavonoid levels in aphid-resistant Artemisia vulgaris
‘Variegata’ and aphid-susceptible Dendranthema nankingense. SA, salicylic acid; SAA, SA pretreatment followed by
aphid infestation; AV-CK, A. vulgaris sprayed only with distilled water; AV-A, aphid inoculation in A. vulgaris; AV-SAA,
SA pretreatment followed by aphid infestation in A. vulgaris; DN-CK, D. nankingense sprayed only with distilled water;
DN-A, aphid inoculation in D. nankingense; DN-SAA, SA pretreatment followed by aphid infestation in D. nankingense.
Values are reported as means + SD (N = 3). Values labeled with a different letter differed significantly from one another
at the same time point according to the Duncan multiple range test (P < 0.05).

DISCUSSION
Effect of aphid and SAA treatments on ROS and MDA levels

Most ROS are short-lived diffusible entities, such as hydroxyl (OHe enalkoxyl (RO"), and
peroxyl (ROQO") radicals, but also include longer-lived radical species, such as the superoxide anion
(G,) or nitroxyl (NO"). They also include non-radicals, such as H,O,, organic hydroperoxides (ROOH),
and hypochlorous acid (HCIO), which also have negative effects on DNA and proteins (Blokhina et al.,
2003). Therefore, it is not surprising that ROS are part of a plant defense mechanism against insects.
Some studies had found that ROS are elicitors of defense-signaling pathways that are involved in the
response to aphid attack (Boyko et al., 2006), and barley, oat, and wheat exhibit increased levels of
H,0O, in response to attack by Schizaphis graminum, D. noxia, and Rhopalosiphum padi (Smith and
Boyko, 2007). SA can reduce environmental stress (Horvath et al., 2007) and increase antioxidant
damage (Sawada et al., 2008). In the present study, H,O, and O, levels significantly increased in
response to aphid infestation (Figures 2 and 3).
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Figure 6. Effect of aphid inoculation and SAA treatment on relative gene expression (PAL, CHS, CHI, F3H, F3’H, and

DFR) in aphid-resistant Artemisia vulgaris ‘Variegata’

acid; SAA, SA pretreatment followed by aphid infestation; AV-CK, A. vulgaris sprayed only with distilled water; AV-A,
aphid inoculation in A. vulgaris; AV-SAA, SA pretreatment followed by aphid infestation in A. vulgaris; DN-CK, D.
nankingense sprayed only with distilled water; DN-A, aphid inoculation in D. nankingense; DN-SAA, SA pretreatment

followed by aphid infestation in D. nankingense. The lowest value of the control was set at 1. Values are reported as

means + SD (N
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In the aphid-resistant AV, ROS were generated earlier than in the aphid-susceptible DN, and
the ROS level in DN was generally higher than that in AV (Figures 2 and 3). ROS induced at an early
stage of aphid feeding may act as signaling molecules for the aphid-resistance response, while a high
level of ROS at later stages may be an indication of oxidative damage caused by the aphids. Twenty-
four-hour SA pretreatment induced early ROS generation (at 0 h of aphid infestation, Figures 2 and 3),
suggesting that SA-induced ROS might be involved in aphid-feeding signaling. In contrast, the O,” and
H,0, levels in SA-pretreated plants after 3 h were lower than those in the non-SA-pretreated plants
(Figures 2 and 3), possibly due to the activity of ROS-scavenging enzymes. In order to investigate this
possibility, the activity of antioxidant enzymes such as SOD, CAT, APX, and POX should be measured.
The reason for the higher level of H,0, in SA-pretreated aphid-resistant AV plants than in non-SA-
pretreated AV plants eaten by aphids after 72 h is unknown.

Biotic and abiotic stressors can stimulate the production of ROS and the lipid peroxidation
of cell macromolecules, and consequently cause membrane damage to the host membrane (Baker
and Orlandi, 1995). Khattab and Khattab (2005) reported that insect herbivory increases lipid
peroxidation, as measured by MDA levels. SA is responsible for inducing abiotic stress tolerance
in plants, and experimentally applied SA decreases MDA levels that have increased due to salinity
stress (Gunes et al., 2007). In our study, MDA levels were higher in the aphid-resistant AV-A
plants than in the AV-SAA plants, and those in the AV-A plants were lower than those in the DN-A
plants. MDA levels in the SA-pretreated plants were generally lower than those in the non-SA-
pretreated plants (Figure 4), which is consistent with the changes observed in the H,0, and O,
levels, suggesting that MDA is an effective indicator of ROS damage. Lipid peroxidation may be the
main effect of aphid feeding, and SA might reduce lipid peroxidation and provide protection from
oxidative damage during the late stages of aphid infestation.

Flavonoid content and the expression of genes in the flavonoid synthesis
pathway in plants subjected to aphid feeding with or without SA pretreatment

Flavonoids include flavones, isoflavones, flavanones, and flavonols and are derived from
the phenylpropanoid pathway (Treutter, 2006). They play various roles in plants, such as being
responsible for the color of flowers, fruits, and leaves, inhibiting the infectivity of tobacco mosaic
virus, protecting plants against ultraviolet light, inducing pollen germination, and regulating auxin
transport (Shirley, 1996). In addition, flavonoids reduce the nutritive value of plant tissues (Treutter,
2006), consequently protecting plants from insect attack. Beninger and Abou-Zaid (1997) reported
that the growth of gypsy moth (Lymantria dispar) larvae is inhibited by the presence of flavonol
glycosides in pine needles. Piubelli et al. (2003) reported that seeds damaged by stink bugs
(Nezara viridula) had a higher isoflavone content (daidzin and genistin) than controls. In the present
study, aphid feeding and SAA treatment both greatly increased the flavonoid content of both plant
species, and the aphid-resistant AV had higher levels than the aphid-susceptible DN (Figure 5).
This result suggests that flavonoid accumulation is a biochemical response to aphid feeding, and
SA can induce flavonoid synthesis and provide effective protection from aphid infestation.

Knowledge of the expression profiles of genes in the flavonoid biosynthetic pathway
increases our understanding of flavonoid biosynthesis in response to aphid and SA pretreatment.
Zhang et al. (2004) reported that the expression of eight of the seventeen genes in the flavonoid
pathway was up- or downregulated when attacked by brown planthoppers (Nilaparvata lugens).
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CHS is considered a rate-limiting enzyme in the flavonoid pathway, and is induced at both the
translational and transcriptional levels in Norway spruce (Picea abies) by wounding (Brignolas
et al.,, 1995). Methyl salicylate functions as an airborne signal that activates the expression of
defense-related genes in tobacco (Shulaev et al., 1997). In the present study, the expression of
flavonoid-responsive genes (PAL, CHS, CHI, F3H, F3’H, and DFR) was induced in both resistant
and susceptible plants. We found that gene transcription induction occurred more rapidly in the
aphid-resistant AV plants, and the expression levels of these genes in AV plants were higher than
those in DN plants (Figure 6). SAA treatment induced an earlier increase in transcriptional levels,
and higher expression levels, than aphid infestation alone (Figure 6). The expression levels of
genes involved in the flavonoid biosynthetic pathway were consistent with the corresponding
flavonoid accumulation (Figures 5 and 6), which suggests that SA increases flavonoid production
by increasing the transcription of related genes, consequently increasing aphid resistance. The
possibility that SA has a direct deterrent effect cannot be excluded.

There have been several recent studies conducted on plant transcriptomic responses against
aphid infestation. Coppola et al. (2013) suggested that the responses are characterized by increased
oxidative stress accompanied by the induction of proteins related to ROS detoxification, and that
SA-signaling pathway and stress-responsive SA-dependent genes play a dominant role in tomato-
aphid interactions, which our results support. In conclusion, our results show that lipid peroxidation is
the main effect of aphid feeding, and SA may reduce lipid peroxidation and provide protection from
oxidative damage during the late stages of aphid infestation. Flavonoid accumulation is a biochemical
response to aphid feeding, and SA can induce flavonoid synthesis. Therefore, SA plays a vital role in
plant-aphid interactions, and could be used to increase aphid resistance in chrysanthemum.
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